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Introduction
Some respiratory failure patients are predominantly inflicted with ventilatory insufficiency. These patients usually have rudimentary spontaneous breathing, but are unable to support their respiratory metabolic needs and often require prolonged artificial ventilation. The etiology is diverse; e.g., traumatic cervical cord transection, or stable or progressive neuromuscular disorders are among the more frequent causes. Currently, in all the patients who need mechanical ventilation, endotracheal intubation (ETT)' (oral, nasal, or via tracheostomy) is performed and intermittent positive pressure ventilation is applied. These procedures are straightforward and guarantee adequate airway care and gas exchange. Nevertheless, side effects such as limitations on patients' ability to talk, swallow and cough effectively, tracheal irritation, pulmonary pressure trauma, hemodynamic interference, the cost of equipment, and the requirement for specialized personnel have stimulated investigators to search for alternatives.
Application of subatmospheric intermittent external pressure to the whole body or the chest wall by the iron lung or by a chest-abdomen cuirass at regular or high frequency rates was designed to increase alveolar ventilation without the need to access the airways ( 1, 2) . The rocking bed method uses gravity to change intermittently transdiaphragmatic pressure and induce airway flow (3) . The common intent of these methods is to improve ventilation without endotracheal intubation. In recent years, other alternative modes of ventilation have been proposed and studied in animals and patients. These methods include high frequency ventilation (4), constant flow ventilation at flow rates > 1.0 liter/min per kg (5) , and high frequency jet ventilation (6) . Such methods do not necessarily eliminate the need for endotracheal intubation and have not been demonstrated to provide a significant advantage over intermittent positive pressure ventilation (7) .
Low flow (i.e., < 0.2 liter/kg per min) intratracheal insufflation of air or 02 (ITI, TRIO) via a narrow catheter placed near the main carina was used in animal models of severe ventilatory failure with or without high frequency vibration of the chest wall or the whole body (8-1 1 ). These studies showed that low flow tracheal insufflation of oxygen, when used without external vibration, can sustain oxygenation during apnea, but cannot sufficiently remove CO2 from the lungs ( 10-1 1 ). Addition of external chest wall vibration at frequencies of [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Hz and an amplitude of 0.2 cm to ITI improved alveolar ventilation, so that normal or low Paco2 levels were reached (8) (9) . Recently, ITI was used by Bergofsky and Hurewitz ( 12) in five patients and by Couser and Make (13) in five patients suffering from hypoventilation and CO2 retention. In both studies, an improvement of the efficiency of the ventilatory gas transport was found, manifested as an increased CO2 elimination, de- spite lower minute ventilation. While ITI still requires patient instrumentation with an endotracheal tube, the much smaller size of the tube and the use of constant, rather than intermit- was inserted into the right external jugular vein via a cutdown and advanced so that pulmonary artery pressure was measured and a pulmonary wedge pressure was obtained within two heart beats from the balloon inflation. The Swan-Ganz catheter thermistor was also used to monitor core temperature.
An esophageal balloon was inserted so that its tip was 5 cm mouthward from the dog's palpable point of maximal cardiac impulse. The balloon was inflated with 1.2±0.2 ml of air and the catheter was connected to a pressure transducer (model MP-45± 18 cm H2O; Validyne Engineering Corp., Northridge, CA). The distance from the free end of the ETT to the main carina was then measured using a fiberoptic bronchoscope. Fig. 1 concentration. The CO2 analyzer with the catheter used for sample withdrawal has a 1.6-s delay that was compensated for during the digital data processing (see below). The total time needed for a complete set of data acquisition (manual and computerized) was 9±2 min.
Calibration procedures were as follows: Arterial and pulmonary blood pressure transducers were calibrated against a mercury manometer. The esophageal pressure transducer was calibrated with a water manometer. Flow rate was calibrated with a water-sealed spirometer (model 06001; Warren E. Collins Inc., Braintree, MA). The same spirometer was also used to calibrate the Respitrace. The blood gas analyzer runs a self-calibration procedure against standard gas and solutions every 2 h and was used to calibrate the CO2 analyzer. The oxygen monitor was calibrated with room air and 100% 02-Calculation ofsecondary parameters and data analysis Data analysis was done using a computer algorithm written in FOR-TRAN 77. Program inputs were the 60-s segments of sampled data and the values of the individually recorded parameters entered manually via the keyboard. The secondary parameters are subdivided into three groups: (a) respiratory mechanics parameters; (b) gas exchange parameters; and (c) hemodynamic parameters. The ventilatory efficiency index that combines the respiratory mechanics and gas exchange information into a single parameter is presented separately.
Respirator' mechanics parameters. Data from the pneumotacho- The 60-s sum ofthe individual breath's WI values was calculated as the spontaneous inspiratory work of breathing per minute (WI/min).
Gas exchange parameters. The secondary gas exchange parameters were calculated from the arterial and venous blood gases, the 02 monitor (Fio2), the airway opening (ao) CO2 analyzer output Faoc2, the flow (Vao) and the cardiac output (Q). Ventilatory efficiency index. To assess the effect of ITI on the dog's ventilatory efficiency, the experimental data were analyzed using a ventilatory efficiency index (VEI). We define VEI = Vco2/(Paco2 x WI/minm). VEI combines the effects of three independent parameters: rate of CO2 elimination, which is the ultimate product of gas exchange; Pac2, an index of the total body CO2 stores and also a "driving force" for CO2 transport; and the mechanical work (WI/min) needed to mobilize CO2. A normal subject, who breathes 15 breaths/min with VT = 0.6 liter, develops -5 cm H20 esophageal pressure change with each breath, eliminates CO2 at a rate Vco2 = 200 ml/min, and has Paco2 = 40 mmHg; VEI is found to be 0.22 (ml/min)/(cm H20-mmHg-liter/min). Note that both Vco2 and WI/min are proportional to the body size, which tend to cancel out in the expression for VEI, while PaC02 and P,, are relatively independent ofbody size. As a result, VEI is a parameter that is relatively independent of body size.
Experimental design and protocol
Initial control data were taken 30 min after the completion of the animal instrumentation. Intravenous infusion of pentobarbital at 3±0.6 mg/kg per h and pavulon at 35±5 Mgg/kg per h were then started. The pentobarbital rate was -10% ofthe initial induction dose infused per hour. The pavulon rate corresponds to rates shown to achieve 80% reduction in twitch response in dogs ( 15) , and to cause significant reduction in diaphragmatic muscle activity ( 16) . At least 40 min were allowed for stabilization after the onset of infusion. At the end of this period, a control data set was taken. ITI was then started at 0.05 liter/ min per kg with the ITI catheter placed at the main carina. After 30 min, a data set was taken and ITI was turned off. A 30-min period of 120±33 beats/min, respectively). This is probably attriLuted to a direct hemodynamic stimulating effect ofboth pentobarbital and pavulon (17) (18) . Control mean pulmonary artery pressure and resistance were 19.2±3.7 mmHg and 217±100 dyn s cm-5 , respectively. Control systemic vascular resistance was 2.9±1.2 X I03 dyn -s-cm-5. Thus, pentobarbital and pavulon at the specified dose caused significant hypoventilation with normal blood and tissue oxygenation and caused hemodynamic stimulation. This animal model was stable throughout the experiment with no significant temporal trends of the parameters.
The most significant effect of ITI was the appearance of CO2 removal from the animals in the periods between breaths. Fig. 2 shows airway-opening flow and CO2 concentration during a control run (Fig. 2 a, no ITI) , and during ITI at 0.15 1/kg per min (Fig. 2 b) . In Fig. 2 a, there was no ITI, so that the flow between breaths was zero and so was the CO2 elimination. In Fig. 2 b, ITI flow was present so that CO2 was removed at a rate equal to the product of the flow rate and the CO2 concentration. Fig. 3 shows the time-averaged CO2 elimination rate during the periods between breaths for the seven ITI conditions. With ITI delivered to the main carina (CAR position) at 0.05-0.2 liter/min per kg, time-averaged CO2 elimination between breaths was 48±16 ml/min with a small advantage of ITI > 0.05 (P < 0.05) and no significant differences between the ITI flows of 0.1, 0. 15, and 0.2 liter/min per kg. When the ITI catheter was advanced 4 cm from the main carina into the mainstem bronchus (Br. position), CO2 elimination between breaths increased to 77±48 ml/min. Pulling the catheter out 4 cm into the trachea (Tr. position) reduced CO2 removal to 34±13 ml/min (P < 0.05, paired Student's t test). These values represent 39, 63, and 28% ofthe control Vco2 for CAR, Br., and Tr. positions, respectively.
ITI at 0.15-0.2 liter/min per kg increased overall Vco2 (i.e., between breaths and during breaths combined) by > 50% over control (P < 0.05, paired Student's t test; Fig. 4 a) . There was a 10% decrease of Pac02 at these flow rates (P < 0.05; Fig. 4 b), despite a 28% fall of VE (P < 0.05; Fig. 4 c) , and a 32% decrease of the work of breathing (P < 0.05). The (Fig. 4 d) tially more effective than with the catheter tip in the trachea, 4
cm from the carina.
The effects ofITI with vibrations. Adding chest vibration at 22 Hz to ITI delivered at 0.15 liter/min per kg near the main carina, substantially increased CO2 elimination between breaths to 162±34 ml/min. This value is significantly greater than the control Vco2 produced by the dog (P < 0.05; Fig. 4 a) , and is 2.1-3.4-fold higher than when ITI was used alone without vibration. As a result, all dogs stopped breathing completely within < 1 min from the onset of vibration. Paco2 at the end of 30-40 min of ITI and vibration fell from 68.5±23.6 (control) to 47.4±6.4 mmHg (P < 0.05; Fig. 4 b) . Since there was no spontaneous breathing, VE and WI/min were zero and therefore VEI could not be calculated. ITI with vibration was associated with a significant reduction of the shunt (Qs/Qt) from 14.6±9.9% to 5.8±2.8% (P < 0.05; Table I ). Vibration did not cause systemic hemodynamic changes, but was associated with a 24% reduction of pulmonary vascular resistance (P = 0.016). It should be noted that the respiratory quotient at the end ofthe vibration period was greater than unity in five of the seven dogs, indicating that steady-state conditions were not yet reached at that time. It is clear, however, that adding high frequency, low amplitude external chest wall vibration to ITI substantially increases gas exchange, to the point where total ventilatory support may be established.
Discussion
The gas exchange efficiency of ITI was evaluated in an animal model of acute ventilatory failure induced by pentobarbital and pavulon infusion. The hypoventilation that resulted from these substances was associated with higher than normal values of Paco2, but not with hypoxemia, since 02 supplementation was used. ITI increased CO2 elimination, reduced Paco2, minute ventilation, and the work ofbreathing. The overall effect of ITI was assessed by using the ventilatory efficiency index, a parameter that takes into account the three degrees of freedom in the system: CO2 elimination rate, body CO2 storage, and the amount of mechanical external work produced. VEI was increased 1.9-3.9-fold by ITI without vibration. 02 transport and the cardiovascular system were not affected by ITI alone.
The ventilatory support potential of constant intraairway insufflation has been previously studied in few settings ( 12, 13 The second mechanism of gas transport is directly caused by the ITI flow and functions to remove CO2 from the airways during the period of breath hold from the end of exhalation until the onset of the next inhalation (Fig. 2 b) . This mechanism is dominant when VT is relatively large and the interval between breaths is long. Fig. 3 shows the time-averaged CO2 removal rate between breaths. Despite the statistical significance of the increased removal with ITI > 0.05 liter/min per kg, the magnitude of the increase with increasing ITI flow is marginal. On the other hand, changes of the catheter tip position in the airways were associated with substantial improvement when the tip was advanced further into the airways. These observations are compatible with predictions of Nahum et al. ( 19) on the momentum transfer and penetration depth of jets into airways. Cardiogenic oscillations (20) , molecular diffusion, and turbulence in the vicinity of the jet determine the position of the stationary front (21 ) and its distance from the catheter tip where transport by convection occurs. The factors that determine this type of gas transport are not completely understood. The fact that ITI via a single catheter inserted into a mainstem bronchus was equally or more effective than when the tip position was near the carina requires invoking yet additional mechanisms such as cardiogenic-induced interlung flows.
Superimposing vibration on ITI has previously been shown to increase its efficiency, to the point where it may be used for complete ventilatory support (8, 9, 22) . The mechanisms of this augmentation of gas exchange are not clear. Interlung flows, induced by the out of phase motion of the mediastinum relative to the chest wall may play an important role in this mode of ventilation (23) .
ITI with vibration caused a significant reduction in shunt and in pulmonary vascular resistance. The effect on shunt may reflect increased overall alveolar ventilation with diminished extent of hypoventilated areas and improved relative distribution of ventilation-perfusion (26) . The reduction in pulmonary artery resistance may be caused by the elimination oftidal breaths, to a mechanical effect on the pulmonary vascular endothelium inducing release of vasodilating agents such as prostacycline (24) , or to elimination of hypoxic vasoconstriction in those lung regions that were significantly hypoventilated.
Conclusions. This study clearly shows that ITI improves CO2 transport during partial ventilatory failure in dogs with normal lungs. A flow rate of 0.1-0.15 liter/min per kg delivered via a narrow catheter placed near or beyond the main carina was found to be optimal. Superimposing high frequency external chest wall vibration further increased gas exchange and provided complete ventilatory support. The potential of ITI and, when needed, ITI with vibration, to provide an alternative mode of ventilatory support for patients with predominant hypoventilation caused by pulmonary or neuromuscular disorders should be investigated. Such patients, particularly those who do not need an endotracheal tube for frequent bronchial suctioning, may benefit from this new method that requires only a narrow intraairway catheter, if it is proved efficient in patients as well as in the experiments of this study.
